We modified the Ca/EDTA procedure for the production of liposomes [Papahadjopoulos, Vail, Jacobson & Poste (1975) 
INTRODUCTION
The use of liposomes for the genetic transformation of tissue-cultured animals cells (Mukherjee et al., 1978; Wong et al., 1980; Kondorosi & Duda, 1980; SchaeferRidder et al., 1982) seemed to be a promising alternative to capillary micro-injection (Diacumakos, 1973; Graessmann et al., 1977) and calcium phosphate coprecipitation of DNA (Graham & van der Eb, 1973; Wiegler et al., 1977) .
Liposomes are not toxic to cells, and the fusion of plasma membranes and phosphatidylserine liposomes usually takes place spontaneously, without the use of harmful chemicals (Wilson et al., 1979; Fraley et al., 1980 Fraley et al., , 1981 Wong et al., 1980) . Incorporation of pHsensitive lipids and fusogenic viral polypeptides into the liposomal membrane is also reported to enhance the fusogenic properties of liposomes (White & Helenius, 1980; Duzgiines et al., 1985; Kondorosi & Duda, 1982) .
Still, liposome-mediated gene transfer of mammalian cells has not become a widespread method, since procedures for DNA entrapment and transformation are not effective. There are two procedures used for the entrapment of DNA molecules, the Ca/EDTA method (Papahadjopoulos et al., 1975) and the reverse-phaseevaporation method (Szoka & Papahadjopoulos, 1978) . We have found that the first method encapsulates large DNA molecules very inefficiently, whereas the other uses sonication or other dispersive techniques, known to shear high-molecular-mass DNA. Since a high percentage of the eukaryotic genes are larger than 10 kb, neither of the above procedures seems to be adequate for the preparation of liposomes used for the transformation of animal cells with these genes.
Here (Puck & Kao, 1968) . Liposomes Large unilamellar phosphatidylserine vesicles (containing 25-50 mol of cholesterol to increase vesicle size; Kirby et al., 1980) and to stabilize liposomes in the presence of proteins (Hoekstra & Scherphof, 1979) were prepared as described by Papahadjopoulos et al. (1975) , except that a suspension of phage particles was added to the pelleted cochleate cylinders, followed by EDTA in NHTE buffer (0.1 M-NaCl, 2 mM-histidine 2 mM-Tes, 0.4 mM-EDTA). Liposomes were purified and freed from unsequestered DNA molecules by ultracentrifugation. Treatment of cells with liposomes was carried out as described by Somlyai et al. (1985) . Phages, cosmids Recombinant-DNA work was carried out by standard procedures (Maniatis et al., 1982 Hunter & Greenwood (1964) and Commerford (1971) respectively.
For the autoradiography CHO-K1 cells were grown on glass slides, treated with liposomes containing 1251-labelled A-phage DNA (or radioactive A-phage particles, as controls) packaged in vitro for various times. After treatment the cells were washed with phosphate-buffered saline (0.14 M-NaCl/0.027 M-KCI/O.0 1 M-phosphate buffer, pH 7.2), rinsed with methanol/chloroform (3: 1, v/v), fixed in methanol/acetic acid (3: 1, v/v) followed by cold 50 trichloroacetic acid, and repeatedly washed in distilled water.
Autoradiography was carried out by dipping the slides into Ilford L4 autoradiographic emulsion, diluted 1 :1 with distilled water. Hybridization
Cell DNA was tested for the presence of transforming sequences by either spot or Southern-blot hybridization. Spot hybridization of non-digested DNA was carried out exactly as described by Brandsma & Miller (1980) . DNA was fractionated by electrophoresis on horizontal agarose gels, transferred to nitrocellulose filters and hybridized with nick-translated radioactive probes in accordance with standard procedures (Maniatis et al., 1982) .
RESULTS
It is known that large unilamellar vesicles (LUVs) encapsidate DNA with rather poor efficiency; however, there are no reports about the relationship between molecular size and the effectiveness of encapsidation of DNA molecules. We used DNA molecules of different sizes (bacteriophage A DNA and its fragments produced by various restriction endonucleases), LUVs and vesicles produced by reverse-phase evaporation (REVs) to investigate this question. Fig. 1 by vortex-mixing and brief sonication. The organic phase was removed in a rotary evaporator. The resulting liposome suspension was diluted with NHTE buffer. Free DNA was separated from liposomes by repeated centrifugations, and radioactivity was measured in dried samples on filter paper in toluene-based scintillation mixtures.
To prove this point, we tried to encapsidate largemolecular-mass complexes of DNA molecules with spermidine, histons and polycations. All these complexes showed improved encapsidation. In parallel experiments we found that by using bacteriophage particles the DNA content of the liposomes preparation can be increased by two orders of magnitude (Table 1) .
Actually, the percentage of entrapment was so high as to be unusual even with low-molecular-mass molecules. We tried several approaches to prove the validity of these results. Radiolabelling and re-isolation of the DNA from the liposomes showed 35-4500 entrapment. DNAase and proteinase treatment of the liposome suspension left 40 45 o of the bacteriophage DNA (and proteins) intact.
We concluded that phage particles either serve as initiation centres for liposome formation or fuse with the vesicles produced [either way, according to electronmicroscopic pictures (not shown) the entrapped phages lose most of their structure]. The exact mechanism of the phage-DNA entrapment was not further investigated. Uptake and intracellular distribution of liposomeentrapped phage particles and DNA We studied the interaction of tissue-cultured cells with the liposomes encapsidating phage DNA by using radiolabelled particles. Intracellular distribution of radiolabelled DNA during liposome treatment was studied by autoradiography (Fig. 2) Fig. 1 ) served as a control in transformation experiments (see Table 2 ). (Fig. 2a) . By 5-15 min later DNA was found within the cells, showing an almost homogeneous intracellular distribution, and incubation for an additional 10 min resulted in the accumulation of labelled DNA in the nuclear or perinuclear region of the cells (Fig. 2c) do not tolerate the absence of bivalent ions. The stability of the phage particles in these circumstances is increased by decreasing the size of the genome of the recombinant phages. Still, entrapped phage particles lose their structure during liposome formation. As a consequence no cellular process is needed to free the transforming DNA molecules; they are released into the cytoplasm upon fusion with the target cell membranes. Since most of the vesicles are taken up by endocytosis, which could lead to the digestion of the DNA, incorporation of fusogenic proteins or lipids (Kondorosi & Duda, 1982; Diizgune § et al., 1985) into the liposomal membrane increases the efficiency of transformation. Chloroquine and ammonium salts, known to inhibit lysosomal activity, can also be used to increase the survival rate of introduced DNA molecules. Liposomes prepared by our procedure can be used for effective transformation of animal cells, resulting in transformation frequencies equal to or higher than with the routinely used calcium phosphate co-precipitation method. The procedure is very mild to the cells, providing an excellent way to transform sensitive cell lines or cells of living organisms.
and cosmids is constructed to be shorter than the wildtype A-phage DNA.
We used the original pAG60 plasmid entrapped in REVs (these vesicles are the most efficient in entrapping naked DNA molecules) for the transformation of HeLa cells. In the parallel experiment we used neo gene containing recombinant A phage (AgtWES.neo) particles encapsidated in LUVs for transformation.
The experiment proved that our liposomes can be used for the transformation of tissue-cultured cells with very good results. Actually, they are at least as effective in transforming HeLa and mouse L cells as is calcium phosphate co-precipitation, and much better than conventional DNA-liposomes. It is not just the presence of liposomes and phages that is needed for effective transformation: preformed liposomes, mixed with recombinant A phages (and incubated with 20 mM-EDTA for 5 min at 37°C) proved to be inefficient in transforming cells (Table 2) .
DISCUSSION
We have developed a technique for the introduction of eukaryotic gene-sized DNA fragments into tissue-cultured mammalian cells. This method is a modification of the Ca/EDTA procedure described by Papahadjopoulos et al. (1975) 
